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Summary

GHL proteins are functionally diverse enzymes de-
fined by the presence of a conserved ATPase domain
that self-associates to trap substrate upon nucleotide
binding. The structural states adopted by these en-
zymes during nucleotide hydrolysis and product re-
lease, and their consequences for enzyme catalysis,
have remained unclear. Here, we have determined a
complete structural map of the ATP turnover cycle for
topoVI-B, the ATPase subunit of the archaeal GHL en-
zyme topoisomerase VI. With this ensemble of struc-
tures, we show that significant conformational changes
in the subunit occur first upon ATP binding, and sub-
sequently upon release of hydrolyzed Pi. Together,
these data provide a structural framework for under-
standing the role of ATP hydrolysis in the type II topo-
isomerase reaction. Our results also suggest that the
GHL ATPase module is a molecular switch in which
ATP hydrolysis serves as a prerequisite but not a
driving force for substrate-dependent structural tran-
sitions in the enzyme.

Introduction

GHKL ATPases are a broad family of enzymes with
widely varying cellular functions found throughout pro-
karyotes and eukaryotes (Bergerat et al., 1997; Dutta
and Inouye, 2000). The name of the family is derived
from four archetypal members: DNA gyrase B (GyrB),
the ATPase subunit of a type II topoisomerase (topo);
heat shock protein 90 (Hsp90), a molecular chaperone;
the CheA histidine kinase, part of the bacterial two-
component signaling pathway; and MutL, a component
of the conserved MutSLH DNA mismatch repair system
(Dutta and Inouye, 2000). The hallmark of a GHKL pro-
tein is its ATPase domain (termed the GHKL domain),
which is unrelated to other canonical ATP binding folds,
such as Walker-type ATPases or serine/threonine ki-
nases.

Three of the four founding members of the GHKL
ATPase family, including the type II topos, Hsp90 and
MutL, comprise a distinct subfamily of enzymes, termed
“GHL” proteins, that are structurally and functionally
distinct from the histidine kinases. These enzymes exist
as homodimers or A2B2 heterotetramers and exhibit a
similar overall domain organization, in which the N-ter-
minal GHKL domain is followed by a second conserved
domain that also forms part of the ATP binding site.
This bipartite module is in turn linked to a C-terminal
*Correspondence: jmberger@berkeley.edu
dimerization domain that is functionally important and
different in each subfamily (Figure 1).

Upon binding nucleotide, the two GHKL domains of
an enzyme self-associate (Ban and Yang, 1998; Wigley
et al., 1991), forming an ATP-actuated “gate” that helps
capture a substrate molecule within an internal cavity
in the enzyme. When ATP binds, its γ-phosphate is li-
ganded by a glycine-rich loop, termed the “ATP lid,”
that is reminiscent, both in structure and function, of
the P loop motifs of other ATPase families (Ban and
Yang, 1998; Prodromou et al., 1997a; Wigley et al.,
1991). In all GHL proteins, with the possible exception
of Hsp90 (Prodromou et al., 2000), the ATP lid of each
GHKL domain and its association with bound nucleo-
tide is stabilized through contacts with an N-terminal
extension, termed the “strap,” which is provided by the
dimer mate. This configuration creates an entwined
structure in which both the active site architecture and
ATP hydrolysis activity are dependent on GHKL domain
dimerization (Ban et al., 1999; Wigley et al., 1991).

The second conserved domain shared by GHL family
members, referred to as the “transducer” domain, is
peripherally involved in nucleotide binding. One seg-
ment from the transducer domain, termed the “switch
loop,” extends into the ATP binding site and positions
a basic residue (lysine in type II topos and MutL, and
arginine in Hsp90) close to the γ-phosphate of bound
ATP (Ban et al., 1999; Meyer et al., 2003; Wigley et al.,
1991). In all three GHL enzymes, this basic residue has
been shown biochemically to be essential for ATPase
activity, and is thought to act by stabilizing the transi-
tion state of ATP hydrolysis (Ban et al., 1999; Hu et al.,
1998; Meyer et al., 2003; Smith and Maxwell, 1998). In-
terestingly, crystal structures of the ATPase regions of
DNA gyrase, topoVI, and MutL have shown that the
switch loop resides outside the active site when no nu-
cleotide is bound. When ATP binds, the transducer do-
main rotates 11°–18° with respect to the GHKL domain
through a rearrangement of the switch loop to insert its
basic residue into the ATP binding site (Ban et al., 1999;
Corbett and Berger, 2003; Lamour et al., 2002; Wigley
et al., 1991). This conformational change likely allows
the transducer domain to communicate structural sig-
nals that affect the conformations and functions of
downstream elements (Ban et al., 1999; Corbett and
Berger, 2003; Oestergaard et al., 2004; Wigley et al.,
1991).

Although they share very similar ATP-hydrolyzing ma-
chinery, the three subfamilies of GHL enzymes are in-
volved in widely varying reactions. The type II topos
catalyze the passage of one DNA duplex (the transfer,
or “T” segment) through a transient break in another
(the gate, or “G” segment). Type II topos are distributed
throughout all domains of life, and include eukaryotic
topo II, bacterial DNA gyrase and topoIV, and topoVI
from archaea and plants (for review, see Corbett and
Berger, 2004). Of these enzymes, topoVI is the smallest
and simplest, and is thus a prime candidate for struc-
tural characterization (Bergerat et al., 1994, 1997). Pre-
vious structures of fragments encompassing the cata-
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Figure 1. Structural Homology in GHKL ATPases

(A) Schematic view of GHL-family ATPases. The GHKL ATP binding domain is shown in yellow with its N-terminal strap in black, the transducer
domain in orange, and diverse C-terminal dimerization domain(s) in blue. Bound ATP is represented by “ADP” and a “P” in a red circle
signifies a nonhydrolyzed γ-phosphate.
(B) Predicted configuration for the topoVI holoenzyme, using separate structures of the B-subunits (ATPase module) (Corbett and Berger,
2003) and the DNA binding A subunits (Nichols et al., 1999). The regions thought to connect these subunits have not been structurally
determined. Domain coloring is as in (A), except for a nonconserved, topoVI-specific “H2TH” domain (purple). One chain of the dimer is
shown entirely in gray for clarity.
(C) Eukaryotic (S. cerevisiae) topoII built from separate structures of the ATPase module (Classen et al., 2003) and the DNA binding/cleavage
region (Berger et al., 1996).
(D) MutL, built from separate structures of the ATPase module (Ban et al., 1999) and the C-terminal dimerization domain (Guarne et al., 2004).
Hsp90 (not shown) is dimeric and displays a similar global architecture to these proteins (Harris et al., 2004; Meyer et al., 2003; Prodromou
et al., 1997b, 2000), but its structural states are less well understood.
lytic domains of the topoVI A and B subunits have h
mproduced a rough structural model of the holoenzyme

in which a dimer of ATPase (B) subunits sits atop a di- p
pmer of DNA binding and cleavage (A) subunits (Figure

1B). This organization forms a two-fold symmetric het- h
erotetramer with two protein gates for trapping and ex-
pelling a T segment (Corbett and Berger, 2003; Nichols b

set al., 1999).
The role of ATP binding in triggering GHKL domain f

wdimerization is well understood in type II topos. In con-
trast, the consequences of ATP hydrolysis are much n

imore enigmatic. A nonhydrolyzable ATP analog, AMP-
PNP, can be used to catalyze one round of strand pas- t

csage before locking the enzyme in an unproductive
state, indicating that hydrolysis is not strictly required s

tfor strand passage (Osheroff et al., 1983; Roca and
Wang, 1992; Sugino et al., 1978). However, the kinetics O

hof AMP-PNP-catalyzed strand passage are slower than
the ATP-catalyzed reaction (Baird et al., 1999). In addi- d

Ation, although type II topos are two-fold symmetric,
only one ATP is hydrolyzed prior to strand passage, s

pwhereas hydrolysis of the other does not occur until
after the reaction has completed (Baird et al., 1999). i

GInterestingly, phosphate release, as opposed to hydro-
lysis of the first ATP, appears to be the rate-limiting step
in the reaction (Baird et al., 2001). Together, these data R
have raised several interesting questions about the
physical role of ATP turnover in type II topos. For exam- T

Bple, only ATP binding is required to catalyze a single
turnover event, indicating that hydrolysis is not strictly e

Pneeded to power a conformational change in the en-
zyme. However, the observation that ATP hydrolysis ac- a

dcelerates the reaction suggests that hydrolysis does
elp determine the timing and sequence of the complex
otions required to effect strand passage. Another im-
ortant question revolves around understanding why
hosphate release is rate-limiting, as opposed to ATP
ydrolysis.
We have previously reported apo and AMP-PNP

ound structures of a truncated form of the Sulfolobus
hibatae topoVI B subunit (residues 2–470, hereafter re-
erred to as topoVI-B#) (Corbett and Berger, 2003). As
ith other GHL proteins, topoVI-B# is monomeric when
ot bound to nucleotide and forms a dimer upon bind-

ng AMP-PNP. In this study, we have expanded on
hese findings by determining structures of topoVI-B#
omplexed with ADP·AlF4

−, ADP·Pi, and ADP. This
tudy provides the most complete structural analysis
o date of the ATP hydrolysis cycle of a GHL enzyme.
ur data fully delineate the chemical mechanism of ATP
ydrolysis, and indicate that this event regulates, but
oes not directly power, structural changes in the GHL
TPase module. These findings also implicate the T
egment as a regulatory determinant of its own trans-
ort, and suggest that the coupling of substrate bind-

ng to ATP turnover may be a shared property in all
HL enzymes.

esults

o study the structural effects of ATP turnover in topoVI-
#, we purified and crystallized the protein in the pres-
nce of a variety of nucleotides (ATP, AMP-PNP, AMP-
CP, ATP-γ-S, ADP) and γ-phosphate/transition state
nalogs (aluminum and beryllium fluoride, orthovana-
ate, and phosphate/sulfate ions). We identified a new
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crystal form for the topoVI-B# dimer and collected more
than 30 independent data sets with different substrates
and crystallization conditions. We solved each struc-
ture by molecular replacement to between 2.0 and 2.2 Å
resolution, and inspected the active site of each GHKL
domain for unambiguous difference density that would
indicate the presence of a particular nucleotide/analog.
Here we present a subset of those structures that, to-
gether, make up a series of snapshots detailing each
step in the ATP hydrolysis cycle of topoVI-B#. All struc-
tures were refined to working R factors of 19.5% or bet-
ter, free R factors of 23.2% or better, and show good
geometry, with more than 90% of residues in the most
favored regions of Ramachandran space and no resi-
dues in disallowed regions (see Table S1 in the Supple-
mental Data available with this article online).

TopoVI-B� Hydrolysis State
During ATP hydrolysis, the γ-phosphate passes through
a trigonal planar conformation with three equatorial ox-
ygen atoms and two axial ligands: an oxygen from the
β-phosphate and the attacking water molecule. To
mimic this state, we solved the structure of topoVI-B#
bound to Mg2+·ADP and AlF4

−. The AlF4
− ion is square

planar, with a central aluminum atom and four equato-
rial fluorine atoms possessing a formal charge of −1,
and has been used extensively as a structural analog
of the ATP hydrolysis transition state (Wittinghofer, 1997).
In order to crystallize the topoVI-B# Mg2+·ADP·AlF4

− com-
plex, it was necessary to heat the protein to 65°C with
free ATP and the transition state analog, and then cool
it slowly to room temperature before setting crystal
trays. Because S. shibatae is a thermophilic organism
with an optimum growth temperature of w70°C (Gro-
gan et al., 1990), it is likely that heating allowed the
protein to become more conformationally flexible,
opening the active site and allowing AlF4

− to bind.
TopoVI-B# bound to Mg2+·ADP·AlF4

− crystallized in
space group P3212 with one dimer per asymmetric unit
(Table S1). The structure was solved to 2.0 Å resolution
by molecular replacement using as a search model the
protein portion of the topoVI-B# AMP-PNP bound dimer
structure, and was refined to an R factor of 17.9% and
a free R factor of 20.8%. Because the ionic state of
aluminum fluoride in solution varies between AlF3 and
AlF4

−, we screened multiple data sets until we found a
condition that yielded unambiguous electron density
for only one of these species plus ADP in unrefined Fo-
Fc, refined 2Fo-Fc, and simulated-annealing omit maps
(Figure 2B). Because we supplied the enzyme with ATP
and yet clearly observed ADP in the active site, we as-
sume that topoVI-B# became trapped in the ADP·AlF4

−

state after ATP hydrolysis and release of the γ-phos-
phate.

In the structure of topoVI-B# bound to Mg2+·ADP·
AlF4

−, the nucleotide is bound in the active site in the
same conformation as was previously observed with
AMP-PNP, in which one oxygen from each phosphate
and the side chain of Asn42 together coordinate a sin-
gle Mg2+ ion. The AlF4

− moiety is held in place by hy-
drogen bonds between its equatorial fluorines and sev-
eral backbone nitrogen atoms of the ATP lid (residues
107–111) as well as by a single fluorine-Mg2+ contact.
The central aluminum atom of AlF4
− also makes two

axial contacts: the bridging oxygen of the ADP β-phos-
phate lies 2.0 Å away on one side, and a water molecule
lies 2.0 Å away on the opposite side. This water mole-
cule likely represents the nucleophilic water that initi-
ates the hydrolysis reaction. Glu38, which is conserved
in the GHL proteins and has been proposed to act as a
general base during hydrolysis (Ban and Yang, 1998;
Gardiner et al., 1998; Jackson and Maxwell, 1993;
Obermann et al., 1998; Panaretou et al., 1998), helps
position the attacking water molecule in line with the
β-phosphate-aluminum vector. Gln34, in turn, hydrogen
bonds Glu38 and likely helps position and polarize this
residue to act as a general base. The residue equivalent
to Gln34 in other type IIA topos is a histidine, but its
mutation in DNA gyrase to glutamine maintains robust
enzyme activity, whereas mutation to alanine abolishes
ATP hydrolysis (Blance et al., 2000; Jackson and Max-
well, 1993). Lys427 from the transducer domain is posi-
tioned directly between two equatorial fluorines of
AlF4

−, consistent with its proposed role in stabilizing
the developing negative charge on the γ-phosphate as
hydrolysis proceeds (Corbett and Berger, 2003; Smith
and Maxwell, 1998; Wigley et al., 1991).

Despite being crystallized in a new space group, the
overall structure of topoVI-B# bound to Mg2+·ADP·
AlF4

−, especially the relative positions of the GHKL and
transducer domains, is the same as in the previously-
solved Mg2+·AMP-PNP bound structure (rmsd = 0.40 Å
over 461 Cα atoms) (Figure 3A). We will refer to the
protein conformation observed in our dimer structures
as an “ATP-restrained” state, in which the transducer
domain packs tightly against the GHKL domain and is
held by the contact between Lys427 and the nucleo-
tide. This contrasts with the more “relaxed” state ob-
served previously in the nucleotide-free monomer crys-
tal structure, in which the switch loop and transducer
domain are disengaged from the active site (Corbett
and Berger, 2003) (Figures 3A and 3B).

TopoVI-B� Product State
To characterize steps immediately following ATP hy-
drolysis, we next solved a 2.0 Å structure of topoVI-
B# bound to Mg2+·ADP and inorganic phosphate (Pi) (R
factor, 19.4%, free R factor, 23.2%). In this state, topoVI-
B# again adopts a restrained dimer configuration (over-
all Cα rmsd between the Mg2+·AMP-PNP and Mg2+·
ADP·Pi dimer complexes = 0.46 Å) (Figures 2C and 3A).
The additional negative charge on Mg2+·ADP·Pi com-
pared to ATP is readily accommodated by the active
site. The HPO4

2− ion (which is the dominant species in
solution at the crystallization pH of w8.0, and also the
species likely produced by ATP hydrolysis) is oriented
such that one oxygen lies within hydrogen bonding dis-
tance of Glu38; this oxygen occupies the same space
as the attacking water observed in the Mg2+·ADP·AlF4

−

complex. A second phosphate oxygen atom is coordi-
nated by Lys427. Together with the transition state
complex, the product bound complex indicates that
ATP hydrolysis does not directly mediate any allosteric
rearrangements in the enzyme.
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Figure 2. TopoVI-B# Active Site Conformation in Different Nucleotide Bound States

Structures of the topoVI-B# active site, illustrating the positions of important active site elements in six different states in the ATP hydrolysis
cycle of the enzyme: (A) AMP-PNP bound dimer (Corbett and Berger, 2003); (B) ADP·AlF4

− bound dimer; (C) ADP·Pi bound dimer; (D) ADP
bound dimer; (E) ADP bound monomer; and (F) Apo monomer (Corbett and Berger, 2003). The GHKL domain is shown in yellow, the transducer
domain in orange, main-chain nitrogen atoms of residues 107–111 (A only) in blue, Mg2+ ions in black, and the Ca2+ ion in the apo structure
in green. For the four structures reported here (B–E), density from simulated annealing omit Fo-Fc maps is shown contoured at 3.0 σ (maps
were calculated omitting the noted active site residues, nucleotide, and coordinating water molecules). The Mg2+ ion and coordinating waters
in the ADP bound dimer structure (D) have high B factors (w50 Å2) and, thus, the simulated annealing density is below the displayed contour
level (1.5–2.0 σ).
TopoVI-B� Product Release States t
tIn the restrained dimer state, the active site of topoVI-

B# and other GHL ATPases completely sequesters a d
bound nucleotide from solvent (Ban et al., 1999; Cor-
bett and Berger, 2003; Wigley et al., 1991). As a result, f

pfree Pi is trapped within the active site after hydrolysis,
and is thought to require a conformational change for t

lrelease. Previous kinetic experiments with Saccharo-
myces cerevisiae topoII have pointed to Pi release as a c

tkey point in the mechanism of type II topos, coincident
with the rate-limiting step of strand passage (Baird et g

tal., 2001). Because of the evident importance of this
step, we sought to better understand the process of Pi R

mrelease by topoVI-B#. To accomplish this, we solved a
2.2 Å structure of topoVI-B# bound to Mg2+·ADP (R t

nfactor, 19.5%, free R factor, 23.1%). In this structure,
the protein is in a dimeric state with a global architec- s

γture and active site structure almost exactly equivalent
to our other nucleotide bound complexes (overall Cα i

hrmsd between the Mg2+·AMP-PNP and Mg2+·ADP di-
mer complexes = 0.45 Å) (Figures 2D and 3A). The only i

msignificant difference we observe is that Glu38 and
Lys427 hydrogen bond to each other in the absence f

tof a γ-phosphate. Thus, even without a γ-phosphate to
position Lys427 and the switch loop, the closed active (

bsite and the restrained GHKL/transducer domain ar-
rangement can be preserved in the ADP bound state. s

aThe conformation of the ATP lid is also maintained in
he absence of a γ-phosphate, due to interactions with
he transducer domain and the N-terminal strap of the
imer mate (see Figure S1).
Given that the topoVI-B# active site is sequestered

rom solvent in structures mimicking both the pre- and
ost-Pi release states, a question arises as to the na-
ure of conformational changes that could allow Pi re-
ease. To address this question, we studied a second
rystal morphology similar to that of our previous
opoVI-B# apo crystals (Corbett and Berger, 2003) that
rew readily in the presence of Mg2+·ADP, and solved
he structure to 2.1 Å resolution (R factor, 18.9%, free

factor, 22.8%). TopoVI-B# in this crystal form was
onomeric, yet still bound to Mg2+·ADP (Figure 2E). Al-

hough the base and sugar moieties of ADP are coordi-
ated normally by the protein, the active site in this
tate does not appear competent for hydrolysis: the
-phosphate binding elements of the active site, includ-
ng the ATP lid and the switch loop containing Lys427,
ave moved significantly away from the positions seen

n other nucleotide bound structures. As a result of this
otion, the GHKL and transducer domains relax away

rom each other, adopting a relative orientation similar
o that of the previously solved apo monomer structure
overall Cα rmsd between the apo and Mg2+·ADP
ound monomer structures = 0.49 Å) (Figure 3A). This
tructure shows how the active site is altered after sep-
ration of the GHKL domain dimer, indicating how ADP
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Figure 3. TopoVI-B# Subunit Conformation in Different Nucleotide Bound States

(A) Overlays of multiple topoVI-B# structures in different nucleotide bound and oligomeric states, arranged in an outline of the ATP hydrolysis
cycle. The two ADP bound states are shown overlaid in the center, highlighting the structural transition from the restrained to the relaxed
state. AMP-PNP bound topoVI-B# (Corbett and Berger, 2003) is shown in yellow, ADP·AlF4

− in orange, ADP·Pi in red, ADP (dimer state) in
brown, ADP (monomer state) in blue, and Apo (Corbett and Berger, 2003) in green. Lys427 (“switch lysine”) is shown in black, with nucleotides
and Mg2+ ions in magenta. The Ca2+ ion bound in the active site of the apo form is shown in light blue.
(B) Bottom views of the restrained and relaxed states, showing the tunnel into which Lys427 is inserted in the restrained state and through
which Pi is released in the relaxed state. The GHKL domain is shown as a yellow surface with the dimer-related chain in gray; the transducer
domain is shown as a brown (restrained state) or blue (relaxed state) coil.
is released to reset the enzyme. Because the protein
conformation we observed in these crystals is limited
by crystal packing interactions, this structure likely rep-
resents only one of a range of conformations available
to the subunit after uncoupling of the GHKL and trans-
ducer domains.

To confirm that both ADP bound structures represent
relevant functional states of topoVI, we assayed dimer-
ization of topoVI-B# in solution using glutaraldehyde
cross-linking assays. These experiments show that
ADP, ATP, and AMP-PNP all stimulate dimerization to a
similar extent (Figure S2), supporting the notion that
ADP can promote/stabilize the GHKL domain dimer. In-
terestingly, ADP has also been shown to stabilize a
closed GHKL domain dimer in both human and S. cere-
visiae topoII (Hu et al., 2002; Vaughn et al., 2005). This
is in contrast to the related GHL ATPases, MutL and
Hsp90, in which ADP is unable to stabilize dimers of the
isolated ATPase regions in solution but does stabilize a
crystallographic dimer of MutL (Ban and Yang, 1998;
Ban et al., 1999; Prodromou et al., 2000).

Extensive attempts to crystallize topoVI-B# in the re-
laxed, monomeric form bound to any nucleotide bear-
ing a γ-phosphate analog (e.g., ATP or AMP-PNP) were
unsuccessful, suggesting that ADP is the only nucleo-
tide compatible with the relaxed conformation adopted
in the monomer crystals. Together, these observations
are consistent with the idea that the transition from a
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restrained to a relaxed state cannot occur until after g
hATP hydrolysis. The two ADP bound structures thus ap-

pear to reflect two reaction states: one in which ATP i
has been hydrolyzed and Pi released (post T segment
transport), and another in which the ATPase domains A

mhave reopened but not yet released ADP (pre-enzyme
resetting). The structures also provide a means for un- “

Tderstanding how Pi can diffuse out of the active site:
following ATP hydrolysis, the transducer domain may l

mtransiently uncouple from the GHKL domain and move
into a relaxed state, opening the active site to solvent c

fthrough a tunnel vacated by the switch loop and Lys427
(Figure 3). l

tThe conformational change observed between the
restrained and relaxed conformations is a rotation of t

aapproximately 11° between the GHKL and transducer
domains. This event is initiated by rotation of the switch i

oloop, and is amplified through the transducer domain
to move the C-terminal α helix by 15 Å. Detailed analy- m

asis of the two states of topoVI-B# has allowed us to
identify two residues in this protein, Gln103 in the GHKL f

tdomain, and Asn375 in the transducer domain, that link
the two domains together by hydrogen bonds in both m

athe monomer and dimer states, and appear to act as a
pivot point for the interdomain rotation. Sequence i

danalysis of other GHKL enzymes show that Gln103 is
not well conserved outside of topoVI, but that Asn375 d

tis highly conserved throughout type II topos. Crystal
structures of the ATPase regions of Escherichia coli a
GyrB and S. cerevisiae topoII indicate that, as in
topoVI-B#, this residue links the GHKL and transducer R
domains through hydrogen bonds (Classen et al., 2003; b
Lamour et al., 2002; Wigley et al., 1991). Curiously, this T
asparagine is also conserved in MutL proteins, even p
though it makes no hydrogen bonds with the GHKL do- u
main and the restrained-to-relaxed transition in MutL h
does not hinge around this residue (Ban and Yang, e
1998; Ban et al., 1999). The asparagine is not conserved e
in Hsp90. In this enzyme, however, the GHKL and trans- w
ducer domains are attached to one another by a long i
(20–30 amino acid) linker, and it has been suggested t
that the nucleotide-dependent structural switch in s
Hsp90 proteins may result from the association and w
dissociation of the two domains, instead of an interdo- c
main rotation, as seen in type II topos and MutL (Meyer I
et al., 2003). t

T
cDiscussion
t
aMechanism and Conformational Effects

of ATP Hydrolysis
aTogether with the previously solved apo and AMP-PNP

bound forms (Corbett and Berger, 2003), our structures r
dof topoVI-B# bound to ADP·AlF4

−, ADP·Pi, and ADP pro-
vide a detailed outline of the nucleotide hydrolysis cy- s

fcle of type II topos (Figure 4). Previously proposed roles
for several active-site residues conserved in the GHL a

pfamily are confirmed by these structures. Glu38 (num-
bering according to topoVI-B#), positioned by Gln34, t

ipolarizes a water molecule for in-line attack on the
γ-phosphate of ATP. Hydrolysis then proceeds with the a

ddeveloping negative charge of the planar transition
state stabilized by Lys427 and by the main-chain nitro- t
en atoms of the ATP lid (residues 107–111). Following
ydrolysis, Pi is coordinated by Lys427 and Glu38 until

ts release from the active site.
Our data show that, as in type IIA topos and MutL,

TP binding to topoVI-B# causes two protomers to di-
erize and reorients the transducer domain into an

ATP-restrained” state (Corbett and Berger, 2003).
hese conformational changes sequester ATP from so-

ution and organize the active site for hydrolysis. Re-
arkably, topoVI-B# appears to maintain this restrained

onformation throughout ATP hydrolysis (Figure 2). This
inding is significant, because for ADP and Pi to be re-
eased, the active site must be reorganized and opened
o solvent. Clues to this event arise from our two struc-
ures of ADP-bound topoVI-B#. In one, the protein
dopts a dimeric, restrained state that is essentially

dentical to other nucleotide bound structures. In the
ther, the protein adopts a monomeric, relaxed confor-
ation in which the transducer domain has rotated

way from the GHKL domain, opening the active site
or product release. Taken together with our dimeriza-
ion assays, these data indicate that the interdomain
otions between the GHKL and transducer domains

re restricted until the covalent β-γ phosphate linkage
s broken, and that ATP hydrolysis does not directly
rive any changes in subunit conformation. Instead, hy-
rolysis appears to be a prerequisite for a conforma-
ional change, which is then presumably powered by
nother source.

ole of ATP Turnover in Strand Passage
y Type II Topos
he above model is congruent with many biochemical
roperties of type II topos. For example, experiments
sing nonhydrolyzable ATP analogs have shown that
ydrolysis is not required for a single strand passage
vent (Roca and Wang, 1992; Sugino et al., 1978; Osh-
roff et al., 1983). Nonetheless, kinetic experiments
ith S. cerevisiae topoII have established that one ATP

s hydrolyzed before the passage of the T segment
hrough the G segment (Baird et al., 1999). This hydroly-
is event accelerates strand passage over the rate seen
ith nonhydrolyzable analogs (Baird et al., 1999), but
uriously is not the rate-limiting step in the reaction.
nstead, Pi release from the ATPase module represents
he slow step of strand passage (Baird et al., 2001).
hese results have implied that a conformational
hange in the protein is necessary to release Pi, and
hat this motion is coupled to strand passage (Baird et
l., 2001).
The structural data we have obtained with topoVI-B#

re consistent with such a mechanism (Figure 5). Our
esults indicate not only that ATP hydrolysis does not
irectly mediate a conformational change in the ATPase
ubunit of type II topos, but also that a significant con-
ormational change must occur to release Pi from the
ctive site. The γ-phosphate moiety is likely to be a key
layer in coordinating this event, initially locking the

ransducer domain into a restrained state through its
nteraction with Lys427, but permitting the transition to
relaxed state after hydrolysis. Because the transducer
omain is tethered to the G segment binding region of
he enzyme, the transducer domain likely propagates



Topoisomerase VI-B Nucleotide Bound Structures
879
Figure 4. Proposed Mechanism of ATP Hydrolysis by TopoVI-B#

(A) Gln34 helps position Glu38 in the active site, which acts as a general base to abstract a proton from the attacking water molecule.
(B) The γ-phosphate passes through a pentavalent transition state, in which negative charge on the nonbridging oxygens is stabilized by
Lys427, Mg2+, and main-chain nitrogen atoms of the ATP lid (amino acids 107–111). The reaction has been modeled as mostly dissociative in
nature, although the presence of positively charged groups surrounding the γ-phosphate suggests the possibility of at least partial associative
character (Maegley et al., 1996; O’Brien and Herschlag, 1999).
(C) Completion of hydrolysis results in ADP·Pi bound in the active site. The view for all three panels is equivalent to the view in Figure 2, with
states in (A), (B), and (C) corresponding to Figures 2A, 2B, and 2C, respectively.
A role for strain induced by the T segment in deter-al., 2003; Corbett and Berger, 2003; Lamour et al., 2002;

Figure 5. Model for ATP Hydrolysis and Strand Passage in Type II Topos

Schematic view of the reactions of topoVI (top) and topoII (bottom). The enzyme first binds a G segment (green), then binds two ATP
molecules and a T segment (blue), and dimerization of the GHKL domains traps the T segment inside the enzyme (I). ATP binding, in addition
to mediating dimerization, causes reorientation of the transducer and GHKL domains into an “ATP-restrained” state (II). GHKL dimerization
around a T segment and the conformation change to the restrained state combine to create strain on the transducer domains, represented
here by zig-zag lines. Some time after hydrolysis of one ATP, the strain applied by the T segment is able to cause a structural transition in
the ATPase module that, in turn, forces apart the A subunit dimer and the cleaved G segment to complete strand passage (III). Reclosing of
the A subunit and hydrolysis of the second ATP allows enzyme resetting (IV). Domains are colored as in Figure 1. A nonhydrolyzed γ-phosphate
is represented by “P” in a red circle, and a hydrolyzed γ-phosphate is represented by “Pi” in a black circle. The asymmetric nature of ATP
hydrolysis by topoII has been well established; given the structural similarity of topoVI, we anticipate that this enzyme will behave likewise.
its conformational changes into this region, consistent
with the observation that Pi release is concomitant with
strand passage.

If ATP hydrolysis does not drive conformational
changes between the GHKL and transducer domains,
what else might cause this motion? One candidate for
the power source is the trapped T segment itself. Multi-
ple structures of the ATPase regions from several type
II topos have shown that the space between the two
protomers might be too small to comfortably accom-
modate a duplex DNA (Bellon et al., 2004; Classen et
Wigley et al., 1991). However, there is evidence that the
T segment can interact with the inner surface of the
transducer domain, as well as affect G segment cleav-
age (Corbett et al., 1992; Tingey and Maxwell, 1996). T
segment binding could lead to strain within a dimerized
ATPase module, pushing outwards on the transducer
domains when they are in the ATP-restrained state (Fig-
ure 5). If this is the case, then ATP hydrolysis might
serve to loosen the connection between the GHKL and
transducer domains, and allow the T segment to drive
conformational changes to complete strand passage.
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mining the structural state of the ATPase module can H
texplain why some type II topos, when supplied with a

nonhydrolyzable ATP analog (AMP-PNP), can neverthe- b
vless catalyze one or more rounds of duplex DNA pas-

sage (Osheroff et al., 1983; Sugino et al., 1980; Williams d
2et al., 2001). In these instances, the conformational

change from an ATP-restrained to a relaxed state would r
tnot be strictly dependent on ATP hydrolysis to loosen

the GHKL-transducer connection. Over time, strain ap- s
wplied by the T segment could force the γ-phosphate/

switch lysine interaction to break, allowing T segment e
opassage and release. Once the T segment is expelled,

the restrained state could then reform around AMP- t
tPNP, thereby preventing enzyme resetting. Overall,

these concepts cast the transducer domain in a poten- d
tially new and important mechanistic role, both as a
sensor for the productive association of a DNA sub- C
strate and as a mediator that links this binding event I
with the hydrolysis of ATP to regulate the subsequent m
steps of strand passage in type II topos. O

p
Implications for Other GHL ATPases c
Some aspects of these findings may also be applicable t
to other GHL enzymes. The machinery utilized for ATP i
binding and hydrolysis is well conserved between a
MutL, Hsp90, and type II topos. It is therefore possible l
that the mechanism and structural effects of ATP hy- t
drolysis and product release we observe for topoVI-B# u
are maintained to some extent in these protein families s
as well. w

MutL is part of a conserved mismatch repair system t
that includes the MutS protein and a number of down-
stream effectors. After MutS recognizes and binds a E

mismatched base pair, it associates with MutL, trigger-
Cing a cascade of events that leads to lesion repair
A(Schofield and Hsieh, 2003). In bacteria, MutL interacts
B

with the MutH endonuclease (Hall and Matson, 1999) v
and the UvrD helicase (Guarne et al., 2004). Binding to t

Tboth MutH and UvrD is dependent on ATP binding by
aMutL, and directly involves surfaces on the ATPase
mmodule (Ban and Yang, 1998; Giron-Monzon et al.,
12004; Guarne et al., 2004). Additionally, MutL binds
(

both double and single-stranded DNA, probably inside
the cavity formed by the two dimer interfaces, and DNA p

abinding stimulates ATP hydrolysis by the enzyme (Ban
Tet al., 1999; Guarne et al., 2004). These properties hint
cat a possible parallel with the mechanisms of type II
ttopos, whereby the transducer domains of MutL could
0

sense and respond to DNA binding, thereby modulating g
the nucleotide state and the GHKL/transducer domain w

fjuxtaposition of the protein, and potentially affecting its
tinteractions with downstream functional partners.
oSeveral structures of MutL bound to various nucleo-

tides show compelling mechanistic parallels between
f

this enzyme and the type II topos. MutL adopts a t
closed dimer state when bound to either AMP-PNP or K

1ADP (Ban et al., 1999), supporting the notion that there
Cexists a preferred nucleotide bound “restrained” state
ain the dimeric forms of GHL enzymes. The apo form of
fMutL is monomeric with a more open domain juxtaposi-
t

tion, again closely paralleling the “relaxed” state of M
topoVI-B# (Ban and Yang, 1998). e

ATP hydrolysis is likely also utilized as a switch in
sp90 chaperones. Several studies have suggested
hat Hsp90 client proteins bind inside the cavity created
y two dimer-related ATPase modules. Residues in-
olved in these interactions reside both on the trans-
ucer domain (Meyer et al., 2003, 2004; Sato et al.,
000) and on the C-terminal dimerization domain (Har-
is et al., 2004; Yamada et al., 2003). The GHKL and
ransducer domains in Hsp90 are separated by a
tretch of disordered residues (Meyer et al., 2003),
hich may mean that the two domains can alternately
ngage and disengage each other in response to nucle-
tide state. It is intriguing to consider whether the
ransducer domains might play an active role in sensing
he state of a bound client protein to modulate ATP hy-
rolysis in these enzymes.

onclusions
n summary, this work represents a complete structural

ap for the nucleotide hydrolysis mechanism of topoVI.
ur data show that ATP turnover does not directly
ower structural changes within the enzyme, but rather
ontrols the timing and order of conformational events
hat lead to DNA cleavage and strand passage by act-
ng as a prerequisite for a structural rearrangement. In
ddition, the T segment may play a direct role in regu-

ating or powering this motion. This work helps define
he GHKL and transducer domains as an ATPase mod-
le capable of providing a ligand-responsive structural
witch in type II topos, a concept that may prove useful
hen considering the role of substrate binding and ATP

urnover in the related MutL and Hsp90 proteins.

xperimental Procedures

rystallization
construct containing residues 2–470 of the S. shibatae topoVI

-subunit (topoVI-B#) was cloned and purified as described pre-
iously (Corbett and Berger, 2003). For crystallization trials, purified
opoVI-B# at 10–15 mg/mL was dialyzed overnight against 20 mM
ris-HCl (pH 7.0), 0.1 M NaCl, and the protein concentration was
djusted to 10–12 mg/mL. For some crystallization trials, seleno-
ethionine-substituted topoVI-B# was used (Van Duyne et al.,

993). In these trials, 0.5 mM Tris(2-carboxyethyl)phosphine (TCEP)
Fluka) was included in the dialysis buffer as a reducing agent.

For the topoVI-B# Mg2+·ADP·AlF4
− complex, crystallization was

erformed in hanging drop format. To dialyzed topoVI-B#, ATP was
dded to 1 mM, MgCl2 to 5 mM, AlCl3 to 5 mM, and NaF to 25 mM.
he protein solution was incubated at 65°C for 90 min, then slowly
ooled to 20°C, whereupon crystallization trays were set by mixing
he protein solution in a 1:1 ratio with well solution containing
.1 M Tris-HCl (pH 8.0), 0.1 M LiSO4, 13% PEG-4000, and 29%
lycerol. Crystals (hexagonal plates w0.3 × 0.3 × 0.1 mm) grew
ithin 1 week, were looped directly from the drop, and were flash-

rozen in liquid nitrogen. The crystals (as well as those of the other
opoVI-B# dimer crystals) belong to space group P3212 and contain
ne dimer in the asymmetric unit (Table S1).
For the topoVI-B# Mg2+·ADP·Pi complex, crystallization was per-

ormed in hanging drop format. Dialyzed selenomethionine-labeled
opoVI-B# was mixed 1:1 with well solution containing 0.1 M

2HPO4, 10% PEG-3350, 10% 2-methyl-1,3 propanediol (MPD),
mM ADP, 5 mM MgCl2, 25 mM NaF, and 0.5 mM TCEP at 20°C.
rystals were transferred to cryoprotectant solution containing an
dditional 15% MPD (25% MPD total) for 1 minute, then looped
rom the drop, and flash-frozen in liquid nitrogen. These crystalliza-
ion conditions were originally intended to produce a topoVI-B#
g2+ ADP·MgF3 planar transition-state analog complex, but differ-

nce density clearly showed the presence of the HPO4
2− ion.

For the topoVI-B# Mg2+·ADP dimer complex, crystallization was
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performed in hanging drop format. Dialyzed topoVI-B# was mixed
1:1 with well solution containing 0.1 M Tris-HCl (pH 8.5), 0.1 M
LiSO4, 14% PEG-4000, 1 mM ADP, 5 mM MgCl2, and 30% glycerol
at 20°C. Crystals were looped directly from the drop and flash-
frozen in liquid nitrogen. The final pH of crystallization conditions
for all dimer complexes was between 8.0 and 8.5.

For the topoVI-B# Mg2+·ADP monomer complex, crystallization
was performed in microbatch format under paraffin oil. Seleno-
methionine-labeled topoVI-B# was dialyzed into 20 mM HEPES (pH
7.5), 0.1 M NaCl, 5 mM MgCl2, and 0.1 mM ADP, and then 1 mM
ADP was added to the protein solution. This was mixed 1:1 with
well solution containing 0.2 M Mg(HCO2)2 and 20% PEG-3350 at
20°C. The crystallization drop was flooded with cryoprotectant
containing an additional 25% glycerol, then crystals (flat plates
w0.2 × 0.2 × 0.02 mm) were flash-frozen in liquid nitrogen.

Data Collection and Structure Solution
All data sets were collected on Beamline 8.3.1 at the Advanced
Light Source at Lawrence Berkeley National Laboratory (MacDow-
ell et al., 2004). Data for all crystals were indexed and reduced with
DENZO/SCALEPACK (Otwinowski and Minor, 1997). The CCP4 set
of programs was used for truncating and scaling the data sets (Col-
laborative Computational Project, 1994). Phases were determined
by molecular replacement with AMoRe (Navaza, 2001), using the
previously solved topoVI-B# apo and AMP-PNP bound structures
(PDB ID 1MU5 and 1MX0, respectively) with ligands extracted as
search models. Consistent free-R sets were used for all data sets
within a single space group to avoid inadvertently refining against
previously free reflections. Refinement and placement of ordered
water molecules for all models was carried out using a Refmac/
ARP procedure (Lamzin and Wilson, 1993; Murshudov et al., 1997),
followed by TLS refinement as implemented in Refmac5 (Winn et
al., 2001). Fo-Fc simulated annealing omit maps were generated by
CNS (Brunger et al., 1997, 1998). Figures were produced with
PyMOL (DeLano, 2002).

Supplemental Data

Supplemental data, including an additional table and figures, are
available at http://www.structure.org/cgi/content/full/13/6/873/DC1/.
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Nucleotide-Mediated topoVI-B´ Dimerization Assay 
To study the dimerization state of topoVI-B´ in solution in the presence or absence of nucleotide, 

we developed a glutaraldehyde-mediated cross- linking assay. TopoVI-B´ was diluted to 2 

mg/mL in a buffer containing 20 mM HEPES pH 7.5, 400 mM NaCl, and 10% glycerol with 1 

mM nucleotide (ADP, ATP, or AMP-PNP). The protein was incubated at 65°C for 10 minutes, 

followed by a slow cooling to room temperature (1°C/min). We next diluted the sample 8-fold in 

buffer and added glutaraldehyde to 0.025%. After 20 minutes, we removed 10 µL aliquots, 

quenched the cross-linking reaction with 5 µL 2M glycine, added 10 µL 2X SDS-PAGE loading 

dye, and ran 15 µL of each sample on an 8% SDS-PAGE gel (Supplemental Figure S2A). 

Monomer and dimer bands were quantified using ImageJ (Rasband, W.S., US National Institutes 

of Health, Bethesda, MD, http://rsb.info.nih.gov/ij/, 1997-2005), and the fraction of total protein 

present in the dimer band was calculated (Supplemental Figure S2B). We observe that ADP and 

ATP are most effective at mediating dimerization in solution under these conditions, and that 

virtually no dimer is detected in the absence of nucleotide. 

Table S1. Data Collection, Refinement, and Stereochemistry 
Data Collection ADP·AlF4

- dimer ADP·Pi dimer ADP dimer ADP monomer 
Resolution (Å) 30 – 2.0 30 – 2.2 30 – 2.2 30 – 2.1 
Wavelength (Å) 1.116 1.100 1.000 1.100 
Space Group P3212 P3212 P3212 P21212 
Unit Cell Dimensions (a, b, c) (Å) 74.08, 74.08, 

344.38 
74.50, 74.50, 

346.46 
74.57, 74.57, 

345.56 
94.57, 112.45, 

56.08 
I/σ (last shell) 20.1 (4.20) 23.4 (5.90) 15.0 (6.77) 12.1 (3.30) 
1Rsym (last shell) (%) 0.060 (0.232) 0.059 (0.248) 0.084 (0.166) 0.100 (0.369) 
Completeness (last shell) (%) 98.7 (98.9) 94.6 (97.3) 93.1 (84.0) 99.1 (99.9) 
No. of reflections 547941 575703 1298763 282898 
     unique 72958 53646 52943 35386 
     
Refinement     

Resolution (Å) 30 – 2.0 20 – 2.2 20 – 2.2 30 – 2.1 
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Number of reflections 69174 50547 50047 32440 
     working 65496 47857 47414 29524 
     free (% total) 3678 (5.0) 2690 (5.0) 2633 (5.0) 2916 (8.2) 
2Rwork (last shell) (%) 17.94 (20.0) 19.44 (21.7) 19.53 (19.4) 18.93 (22.3) 
2Rfree (last shell) (%) 20.80 (23.2) 23.22 (30.0) 23.09 (25.2) 22.76 (27.3) 
     
Structure and Stereochemistry     

Protein chains per AU 2 2 2 1 
Number of atoms 7820 7699 7716 3894 
     protein 7454 7421 7452 3696 
     water 299 212 208 170 
     nucleotide 64 64 54 27 
     Mg2+ 3 2 2 1 
r.m.s.d. bond lengths (Å) 0.012 0.015 0.014 0.020 
r.m.s.d. bond angles (°) 1.102 1.364 1.196 1.171 

1Rsym = ΣΣj|Ij – 〈I〉|/ΣIj, where Ij is the intensity measurement for reflection j and 〈I〉 is the mean 

intensity for multiply recorded reflections. 
2Rwork, free = Σ||Fobs| – |Fcalc||/|Fobs|, where the working and free R- factors are calculated using the 

working and free reflection sets, respectively. Free reflections were held aside throughout 

refinement. 

Figure S1. The Active Site of topoVI-B´ is Buttressed on all Sides in the Dimerized State. 

Stereo view of the topoVI-B´ active site in the ADP-bound dimer state, showing the convergence 

of several structural elements that maintain the structure of the ATP lid in the presence or 

absence of a γ-phosphate moiety. The GHKL domain is shown in yellow, the transducer domain 

in orange, and dimer mate in gray. The side chains of residues 34, 38, 42, and 427 are shown as 

in Figure 2. The loop containing the ATP lid (residues 94-111) is shown in green, and the main-

chain nitrogen atoms of the ATP lid are shown in blue. In addition, an ordered water in the γ-

phosphate binding site is shown. Even without a γ-phosphate to engage the ATP lid, the structure 

of this loop is maintained through van der Waals, hydrophobic, and hydrogen bonding 

interactions from the transducer domain and the N-terminal strap of the dimer mate. 
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Figure S2. Dimerization of topoVI-B´ in Solution. (A) Gel showing glutaraldehyde-mediated 

cross- linking of dimerized topoVI-B´ in the presence of various nucleotides (AMP-PNP is 

labeled ‘ANP’). The location of protein size markers are shown on the left, and the locations of 

monomer and dimer bands are shown on the right. (B) Quantitation of (A), showing the fraction 

of topoVI-B´ in the dimer band in the presence of various nucleotides. Each data point is an 

average of four independent measurements, and error bars represent standard deviations. 

Although some residual dimer species is detected in the absence of nucleotide, the band is 

diffuse and probably represents nonspecific background cross-linking. 
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